disease-modifying drugs for OA, require more sensitive methods capable of imaging and quantifying the effectiveness of the treatments in vivo. [1] [2] [3] High-frequency quantitative ultrasound imaging (QUI) has been successfully used in vitro to evaluate and correlate the variation in ultrasound reflection from the surface of the cartilage with the variation in superficial roughness and composition of the tissue related to OA, maturation, enzymatical degradation, or spontaneous repair. [4] [5] [6] [7] [8] [9] [10] [11] Conventional ultrasound with lower frequencies, conducted from outside of the knee [12] [13] [14] [15] [16] or during an open surgery, 17 has also been used to relate ultrasonographic findings to the condition of the articular cartilage. We have recently introduced a new intra-articular ultrasonic (IAUS) application 18 based on Food and Drug Administration (FDA)-approved intravascular ultrasound (IVUS) catheters conventionally used in cardiographic imaging. 19, 20 The catheter can be applied into the joint space through a tubular instrument or even a thin injection needle. The advantages of this new method compared with widely used ultrasonic imaging conducted from outside of the joint [12] [13] [14] [15] [16] include higher spatial resolution due to higher ultrasound frequency (40 MHz) and absence of disturbing soft tissue layers since the imaging is done inside the joint capsule. Furthermore, the IAUS method enables imaging of cartilage surfaces under the patella, which is not possible with the conventional external ultrasound imaging. The resolution of the IAUS (~40 µm) system is also superior to that of clinical X-ray imaging (~200 µm) or MRI (~500 µm). We have validated the IAUS method in vitro with bovine, rabbit, 21 and equine 22 cartilage and ex vivo in simulated arthroscopic conditions with a bovine knee joint. 18 The IAUS method was able to detect and quantify collagen disruption and increased roughness of the articular surface in enzymatically 18, 23 or mechanically 18 damaged bovine cartilage and to quantify the integrity and qualitatively evaluate the integration and internal structure of spontaneously and surgically repaired rabbit 21 and equine 22 cartilage tissue. Furthermore, Huang and Zheng 23 showed that the thickness of cartilage determined in vitro with an IVUS system correlates highly with the thickness determined with a reference ultrasound device. Quantitative ultrasonic point measurements of human articular cartilage have already been done in vivo during arthroscopic surgery. [24] [25] [26] [27] However, quantitative intra-articular ultrasound imaging of human cartilage has not been conducted in vivo.
The purpose of this study was to test whether the IAUS method would be feasible for human patients and whether it would enable diagnosing various types of articular cartilage defects in vivo. We calculated ultrasound parameters that quantify the reflection and scattering properties and superficial roughness of the cartilage and further examined the qualitative imaging potential of the IAUS method. We hypothesized that at least the superficial cartilage defects are visible and quantifiable in human joints in vivo. We also hypothesized that we might be able to see changes in the subchondral bone as well, although the greater thickness of human cartilage compared to bovine cartilage, for example, might prevent imaging of the subchondral bone due to strong attenuation of the high-frequency ultrasound.
Methods
Seven patients (Table 1) undergoing an arthroscopic surgery of the knee as treatment or examination of their joint disease or condition were enrolled in the present study. Informed consent was obtained from the patients. The arthroscopies took place at Kuopio University Hospital (conducted by J. Sahlman and J. Sirola) and Helsinki University Hospital (conducted by T. Paatela), and the study was in compliance with the ethical guidelines of the authors' institutions. The patients were evaluated clinically and in some cases also by MRI. The indication for conducting an arthroscopy was a suspicion of articular or meniscal pathology, such as meniscal tear, chondral lesion, osteoarthritis, or loose body. During the normal arthroscopic procedures, an ultrasound examination was carried out using the same anteromedial and anterolateral portals that were used for the surgery. No special positioning of the knee was required due to the ultrasonic measurements. The articular surfaces of the knee joints were classified by the operating surgeon according to the International Cartilage Repair Society (ICRS) grading system 1 ( Table 2 ). The ultrasound measurement system consisted of a clinical IVUS main unit (ClearView Ultra, Boston Scientific Corporation, San Jose, CA) and a miniature unfocused high-frequency ultrasound transducer (40 MHz, -6 dB bandwidth 30.1-45.3 MHz) attached to a tip of a rotating (30 rounds per second) wire inside a catheter (diameter = 1 mm). The ultrasound catheter was inserted into the knee joint through a shielding tube and directed to the desired location on the articular surface with arthroscopic visualization. The measurement sites were the central part of the patella, the femoral groove, and the central plateau of the tibia. A video of the ultrasound measurements was recorded from the IVUS main unit. face and the direction of the ultrasound beam was adjusted manually by maximizing the amplitude of the ultrasound reflection. This was done by monitoring the brightness of the articular surface on the IVUS monitor. At every measurement site, 3 successive measurements were conducted, and the best measurement (one with the highest reflection amplitude) was chosen for calculation of the quantitative ultrasound parameters.
The quantitative ultrasound parameters were calculated using custom-made Matlab functions (Matlab 7.0.4, Mathworks, Inc., Natick, MA). 18 The reflection coefficient (R) 10 describes the reflection amplitude of the ultrasound signal from the articular surface relative to that from a perfect reflector (in this study, a saline-polished steel interface; R = 93.7%). The integrated reflection coefficient (IRC) 6 is essentially the same as the R, but the IRC is defined in the frequency domain over a -6 dB frequency bandwidth, thus incorporating a larger portion of the signal in the analysis. The apparent integrated backscatter (AIB) 6 measures the average backscatter of the ultrasonic signal from within the cartilage tissue. For the calculation of the reflection and scattering parameters R, IRC, and AIB, 1 signal acquisition out of 255 was selected that had the smallest time of flight and thus corresponded to the closest distance and best perpendicularity between the articular surface and the ultrasound probe. The ultrasound roughness index (URI) 10 describes the roughness of the articular surface. To evaluate the URI, 11 signal acquisitions out of 255 were selected, the one with the smallest time of flight and 5 acquisitions on both sides of it. The acquisitions used for the calculation of the URI thus corresponded to a polar angle of 11 × 1.4° ≈ 15.5°. Typically, the distance between the IVUS transducer and the articular surface was 1 to 2 mm, and thus the length of the path on the surface of the cartilage used for the calculation of the URI was from 0.27 to 0.55 mm.
In addition to the ultrasonic data, a video (see Figure 1 ) from the arthroscopy was recorded through the arthroscope (30° direction of view, diameter = 4 mm; Telecam SL PAL, Karl Storz GmbH, Tuttlingen, Germany). The video was used as a reference for confirming the ICRS grade addressed to the articular surface at each measurement site by the operating surgeon. Furthermore, during the arthroscopy, the surgeon used a blunt arthroscopic hook to subjectively test the stiffness of the cartilage.
Afterward, one operating surgeon examined 13 blind coded still images from the IAUS video (all data were successfully obtained from 13 measurement sites [7 patients * 1-3 sites per patient = 13 sites]) and was asked to give them an IAUS score (Table 3) , which had similar descriptions of the cartilage status as the ICRS grade ( Table 2) excluding the information about manual palpation. Spearman's correlation test was used to compare the values of the ICRS grade with the IAUS score and with the URI.
Results
The arthroscopic ultrasound imaging revealed different characteristics of the articular surfaces in the knee joints of the human patients in vivo (Figure 2) . Comparison of Figure 2a ,b demonstrates the ability of the IAUS method to differentiate an intact cartilage surface from a fibrillated one both qualitatively and quantitatively. In fibrillated cartilage, the values of the R and IRC decreased, and the value of the URI increased. According to the arthroscopic finding at the measurement site of Figure 2b , the cartilage was slightly fibrillated and softened (ICRS grade 1).
At some measurement sites, the cartilage was thin enough to enable detection of the ultrasonic reflection from the cartilage-subchondral bone interface, enabling measurement of cartilage thickness. The thicknesses of the cartilage layers, evaluated from the representative IAUS images (Figure 2a-e) , varied from 0.65 to 1.65 mm. The cartilage in Figure 2a is intact and in Figure 2b slightly fibrillated, and the cartilage thicknesses (1.65 mm and 0.95 mm, respectively) are in the range of normal thickness values in a human knee joint. [28] [29] [30] In the IAUS image in Severely abnormal. Cartilage defects extending down >50% of cartilage depth as well as down to calcified layer and down to but not through the subchondral bone. Blisters are included in this grade. 4 Severely abnormal. Cartilage defects extending through the subchondral bone. The depth of the lesion could be estimated to be 0.91 mm, which is about 58% of the whole cartilage thickness (1.56 mm). Thus, the IAUS method enabled evaluation of the thickness of cartilage and depth of local cartilage lesions relative to the whole cartilage thickness, which is not possible with conventional arthroscopy. Figure 2d ,e illustrate severely abnormal cartilage structures, where the cartilage is damaged through its whole depth and the maximum ultrasonic reflection amplitude is received from the subchondral bone. Thereby, the IAUS method also enabled evaluation of the internal cartilage structure, which is not possible with conventional arthroscopy.
IAUS images in
The ICRS grades and the IAUS scores of the 13 evaluated sites were consistent (Spearman's correlation test, r = 0.939, P < 0.01). The value of the IAUS score differed from the ICRS grade in 4 of 13 sites. In all of these 4 cases, the IAUS score was one rank higher than the ICRS grade, thus implicating that the status of the cartilage in those cases was found to be worse when assessed with the IAUS method than what was estimated during conventional arthroscopy. The correlation between the ICRS grade and the URI was not significant (Spearman's correlation test, r = 0.436, P = 0.157), suggesting that these methods provide information about different aspects of cartilage quality.
Discussion
In this study, we tested the potential of a novel intra-articular ultrasound method, validated previously in vitro, 18, 21 in human arthroscopy measurements in vivo. Imaging of human articular cartilage was conducted with ultrasound in arthroscopic conditions for the first time.
Superficial fibrillation of cartilage, visible as an uneven surface structure in the IAUS image (e.g., Figure 2b) , was not always visually detectable through the arthroscope. This suggests that the IAUS imaging might provide supplementary diagnostic information to the conventional arthroscopic evaluation. This finding is supported by our earlier study reporting that in laboratory conditions, micrometer scale fibrillation can be quantitatively measured with the IAUS technique. 18 The cartilage surfaces that were assigned ICRS grades 0 (normal; Figure 2a ) and 1 (nearly normal; Figure 2b) were distinguishable in the IAUS images. This important finding supports the potential of the IAUS method to detect early osteoarthritic changes of the superficial cartilage. Another important finding of the present study was the ability of the IAUS method to visualize the thickness of cartilage in the cases where the cartilage was thin enough so that the subchondral bone underneath it was visible as well. In the case of the IAUS image in Figure 2c , the surgeon assigned the lesion ICRS grade 2 (abnormal [lesions extending down to <50% of cartilage depth]) during the arthroscopy. However, the depth of local lesions can never be accurately evaluated in routine arthroscopy. From the IAUS image in Figure 2c , the depth of the lesion could be evaluated to be 0.91 mm, which is about 58% of the whole thickness of the cartilage (1.56 mm). Thus, ICRS grade 3 (severely abnormal [cartilage defects extending down >50% of cartilage depth]) would have been justified. Because the arthroscopic ultrasound imaging can be used to define the depth of a lesion relative to the cartilage thickness, the method may be of value for the intraoperative decision to treat or not to treat a cartilage lesion. In addition, when comparing the ICRS grade with the IAUS score, it was found that in 4 of 13 cases, the IAUS score was higher than the ICRS grade, and in 9 of 13 cases, it was the same. Thus, the IAUS method seemed to be able to give valuable additional information over the visual or palpation assessment of conventional arthroscopy.
In this preliminary study, the number of the patients was limited. Therefore, statistical methods could not be applied, and the quantitative parameter results are not comparable as such. However, the reflection coefficient R was largest and the roughness index URI was smallest for the intact cartilage surface (Figure 2a ) compared with the other cartilage surfaces (Figure 2b-e) . This was expected based on our earlier in vitro studies. 11, 31 Furthermore, significant correlation has been found between the stiffness of cartilage and the IRC in earlier studies. 11, 32 In Figure 2 , a similar trend can be seen; the value of the IRC for degenerated cartilage (Figure 2b-e) decreases compared with the IRC of intact cartilage (Figure 2a) . Thus, the IAUS might even provide information on the mechanical competence of cartilage. However, it should be noted that ultrasound reflection at the surface of the cartilage is controlled by collagen content and fibrillation of the surface rather than by mechanical stiffness of the cartilage directly. Because the collagen content and fibrillation affect the cartilage stiffness, the correlation between the reflection parameters and the tissue stiffness should be considered secondary.
The safety and convenience of the patient were always given priority during the measurements. Therefore, all intended measurement sites of every patient could not always be satisfyingly measured because of lack of time to adjust the inclination of the ultrasound catheter carefully to obtain the maximum reflection amplitude. Consequently, correct positioning of the catheter is probably the most challenging issue when using the IAUS method in vivo, and a surgical applicator needs to be developed to minimize the user dependence of the method. In this study, for the first time, we tested the method with human patients, and the method is still under development. Before the operations, the surgeons practiced the ultrasound measurements on a bovine knee joint ex vivo. The ultrasound measurements took between 10 and 30 minutes per patient. We believe that in the future, the method can be optimized to be faster and easier to use. An optimal device would also enable assessment of larger articular areas.
In the present study, the ICRS articular cartilage injury classification grade (see Table 2 ) was used as a reference. The ICRS grade is insensitive to the earliest structural changes in cartilage, such as fibrillation of the surface. Some of the patients also had x-ray images of their knee joints taken as part of their diagnosis before the arthroscopy, but because the x-ray images are not sensitive enough to reveal changes in the cartilage integrity in detail, they were not used as a reference. In our earlier in vitro IAUS studies, 18, 21 we used histology as a reference method to relate the quantitative ultrasound parameter values to the integrity of the cartilage tissue. In an in vivo study, histological methods are not applicable because they involve extraction of tissue. However, we believe that after solving the technical challenges related to the positioning of the ultrasound catheter in the in vivo measurements, the ultrasound parameters can be used complementarily with the IAUS images in assessing the integrity of the cartilage and the subchondral bone.
It is notable that the IVUS transducer we used had a higher frequency (40 MHz) compared with that used by Huang and Zheng 23 (20 MHz) . Therefore, the spatial resolution of our system was better, which is an advantage when evaluating minor surface fibrillation of cartilage. On the other hand, in the case of relatively thick human cartilage, the lower frequency enables more consistent imaging of the subchondral bone. Visualization of the subchondral bone enables calculation of the cartilage thickness and lesion depth. Structural and biomechanical changes of the subchondral bone, such as formation of osteophytes and cysts or subchondral sclerosis, are also known to occur even in the early stages of OA. [33] [34] [35] Furthermore, it has been reported that the density, structure, and collagen content of bone can be quantified from ultrasonic information. [36] [37] [38] Therefore, we believe that evaluation of the properties of subchondral bone could be feasible with the IAUS method also and that the IAUS would provide additional information compared with the conventional arthroscopy.
The IAUS method may provide a diagnostic in vivo method for evaluation of the severity of articular cartilage lesions and early osteoarthritic changes. Because the present ultrasound equipment is FDA approved for intravascular use, the threshold for applying the method for clinical intra-articular use might be low. The invasiveness of the IAUS method naturally poses some restrictions on its wider clinical use, but it could well be used together with other invasive procedures, such as an arthroscopy of a knee. A definite advantage of the IAUS method compared with conventional arthroscopy is its ability to image the subchondral bone and internal structure of the cartilage as well as the cartilage surface in the cases where the cartilage is thin enough. Furthermore, as opposed to conventional arthroscopy, quantification of cartilage thickness, lesion depth, superficial fibrillation, and the abnormal-ity of the collagen network within the cartilage is possible with the IAUS imaging. In principle, the IAUS method could also be applied to smaller joints, such as the wrist, shoulder, or ankle. In those joints, the cartilage may be thinner than in the knee joint, 39 and thus the subchondral bone could be visualized with high-frequency (40 MHz) ultrasound more consistently than in the knee joint. To further optimize intraarticular IAUS imaging of the thick knee joint cartilage, a lower ultrasound frequency could be used.
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